Hevea brasiliensis (rubber tree) is the most widely cultivated tree species for producing natural rubber latex whose productivity can be reduced by weeds. Field experiment was carried out during two years to evaluate the growth of rubber tree plants submitted to different weed control strips (0-weed-free, 50, 100, 150, 200, 250, 300, 350, and 400-(weedy cm) and to determine the critical width of weed control strip during the establishment of rubber tree plantation. Weed community was composed mainly by Urochloa decumbens (90%). The width of the weed control strip influenced on the initial plant growth of rubber trees, reducing the plant height, stem diameter, leaf area, and aboveground dry mass accumulation. In consequence, crop plantation was affected by the width of weed control. The critical width of the weed control strip for establishment of a rubber tree plantation was within 100 cm.
Introduction
Hevea brasiliensis (Willd. ex. Adr. De Juss.) Muell.-Arg., commonly known as Brazilian rubber tree, is the most widely cultivated tree species for producing natural rubber latex. The tree is a perennial cross-pollinating and monoecious plant of the family Euphorbiaceae [1] , native to South America and widely cultivated worldwide, mainly in the South East Asia [2] . Brazil produces 100 million tons of latex a year, being the São Paulo State the most important producer responsible for 55% of the Brazilian rubber production, totalizing approximately 75,000 ton of rubber per year [3] . Brazil is not self-sufficient in rubber production so that any factor affecting latex extraction can be very deleterious to rubber production. Latex production by rubber trees can be affected by biotic factors such as microorganisms causing plant diseases and other factors increasing the timing to plants reach the maturity for latex extraction [4] . In this way, weed interference (resulted of the weed competition for light, CO 2 , water, nutrients, and space as well as of the allelopathic effects of some weed species) is an important issue reducing plant growth and, in consequence, increasing the timing for plant maturity [5] [6] . Weed management during the establishment of commercial tree plantations is a major factor that contributes to improvement of the final yield [7] - [9] . Development of a sound vegetation management strategy requires a definite and sequential plan of action [9] . A good understanding of the basic criteria involved in weed-tree interactions, growth-limiting factors, the minimum tolerable weed thresholds and an understanding of the best parameters of measurement are needed to delineate an appropriate management approach [10] . Researchers have demonstrated that the width of weed control strips reflected in the growth of some trees, such as Coffea arabica [11] - [13] and Eucaliptus spp. [7] [9] [14] , but the effect depends on several factors, including weed composition, crop species, and the availability of environmental resources. In function of the importance and the lack of information on weed interference in rubber tree plantation, we performed this research aiming 1) to evaluate the growth of rubber tree plants submitted to different weed control strips and 2) to determine the critical width of weed control strip during the establishment of rubber tree plantation.
Matherials and Methods

Site Description
The field trial was carried out from December 2008 to December 2010, in Southeast of Brazil, at 20˚43′05″S and 42˚32′38″W Gr. and an altitude of 589 m asl. The soil is classified as an Oxissol clay textured. The original vegetation was a degraded pasture dominated by Urochloa decumbens (Stapf.) Webster (syn. Brachiaria decumbens Stapf.) (up to 90% groundcover) and some weed species such as Sida spp., Portulaca oleracea L., and others. The local climate is tropical of altitude with a dry season (Köppen-Geiger classification is Aw). Average historical daily maximum and minimum temperatures are 30.8˚C and 12.8˚C, respectively, and mean annual rainfall was 1408.9 mm, being concentrated from October to March.
Site Preparation and Plantation
Previously to crop plantation, site vegetation was desiccated with glyphosate at 1.08 kg•ae•ha −1 . A week after desiccation, land was tillage by mould board plough, disc plough and disc harrow, in sequence. Crop was planted in December 20, 2008 , using rubber tree clone RRIM 600 seedlings obtained by normal-T-budding. Soil fertilization was performed using 150 g de single superphosphate at the moment of seedling plantation and four more monthly fertilizations were made afterwards, using 30, 40, 50 and 60 g of ammonium sulfate per plant. Water was also supplied during the first year of experimental conduction.
Experimental Design and Treatments
Experimental plots constituted of four rows spaced by 8 m with four plants spaced by 2.5 m. Treatments consisted of different weed control strips from the row into the middle of the inter-row. The widths of the weed control strips used were 0 (weed-free), 50, 100, 150, 200, 250, 300, 350, and 400 (weedy) cm. The weed control strips were monthly established by glyphosate applications at 1.08 kg•ae•ha −1 , complementing with hand-weeding if necessary, from planting up to 720 days (2 years) after planting. Treatments were arranged in a randomized block design with three replicates.
Measurements
All measurements were performed within the area of the two central rows. Stem diameter (digital paquimeter) and plant height (yardstick) were monthly measured from 60 up to 360 days after planting (DAP), during the first-year-investigation, and at 420, 480, 540, and 720 DAP, during the second-year-investigation. At 360 DAP, leaf area and aboveground dry mass were also evaluated. One plant per each replicate was cut off close to the ground for counting the number of leaves and determination of the leaf area (Li-Cor, Li-3000 A, USA). Above-ground material was dried to constant weight in a forced air-convection oven at 70˚C, and following weighted.
Data Analysis
The relative growth rate (RGR) was calculated based on both plant height and stem diameter data, according to the equation:
where RGR is the relative growth rate of plant height or stem diameter; V1 and V2 are the values of plant height or stem diameter at T1 and T2, respectively; T1 and T2 are consecutive times of evaluation. After that, average RGR was calculated among all evaluations, including first-and second-year-investigation. Data of plant height, stem diameter, leaf area, and aboveground dry mass, at 360 DAP, were fitted to a non-linear, exponential regression model:
where y is the value on a rubber three characteristic, y0 is the coefficient corresponding to the lower value of y, a is the coefficient corresponding to the difference between the minimum and maximum value of y, b is the slope of the line, and x is the number of days. Data of plant height and stem diameter, at 720 DAP, were fitted to a non-linear, logistic regression model:
where y is the value on a rubber three characteristic, y0 is the coefficient corresponding to the lower asymptote, a is the coefficient corresponding to the difference between the lower and upper asymptotes, b is the slope of the line, x0 is the point of inflection halfway between the upper and lower asymptotes, and x is the number of days. In addition, the interval of confidence of each logistic equation parameter was determined by using Statistica software (StatSoft, version 8.0, USA). All regression analyses were performed using SigmaPlot software (Systat, version 10.0, USA). Moreover, the residual normality and constant variance of the adjusted equation was tested by using SigmaPlot software (Systat, version 10.0, USA). SigmaPlot uses the Kolmogorov-Smirnov test to test for a normally distributed population and tests for constant variance by computing the Spearman rank correlation between the absolute values of the residuals and the observed value of the dependent variable.
Results and Discussion
Vegetation Composition
In the first-year-investigation, four monocotyledon species such as U. decumbens, Cyperus rotundus L., Eleusine indica (L.) Gaertn. and Megathyrsus maximus (Jacq.) B. K. Simon & S. W. L. Jacobs (syn. Panicum maximum Jacq.), and at least nine eudicotyledon species such as Amaranthus spp., P. oleracea, Indigofera hirsuta L., Ipomoea spp., Malva spp., Mimosa pudica L., Richardia brasiliensis Gomes, Sida spp. and Spermacoce latifolia Aubl. were found infesting rubber tree plantation. Among them, U. decumbens showed the highest relative importance (over 90%), mainly after 90 DAP while P. oleracea and Sida spp. were also important species up to 90 DAP (data not shown). As the experimental field was a degraded pasture of U. decumbens species, it was expected that this plant was the dominant species.
Grasses and herbaceous broad-leaved weed species are widely found during plantation establishment and constitute a major impediment to successful early growth and development of tree crops [15] - [19] . Interference of weeds can range from significant suppression of crop growth to widespread mortality [19] . Productivity subsequently may be reduced throughout the rotation [20] . The benefits from using fertilizer and genetically improved seedlings can often be reduced [21] [22] . Furthermore, stress caused by weed interference can increase susceptibility to attack from pests and diseases [23] .
Rubber tree plantation is commonly established on degraded pastures of grass species, such as U. decumbens, U. brizantha, P. maximum, and others. These species can show different potential of infestation and competition capacity on rubber tree plants. In Brazil, U. decumbens is one of the most common species present in degraded pastures. This species has been reported causing growth reduction on tree crops such as Coffee spp. [11] [24] [25] and Eucalyptus spp. [14] [26] . So, U. decumbens is a potential species infesting and influencing the growth of rubber tree plants under establishment in field conditions.
Rubber Tree Growth
Analyzing the rubber tree growth within each weed control strip during 720 DAP, the best adjusted equation was a logistic model, showing a high significance, normal distribution of residuals, and constant variance of residuals (Tables 1 and 2) , being well-appropriated to describe the plant behavior and satisfying statistical conditions. This analysis shows the accumulated plant growth within each weed control strip during the whole experimental period. For both plant height and stem diameter, the interval of confidence of the equation parameters b, x0, and y0 was correspondent to all weed control strips, indicating no significant difference. However, the interval of confidence of the equation parameter a was not correspondent to all weed control strips, being also distinct for plant height and stem diameter.
For plant height, the interval of confidence of the parameter a in the weedy condition was not correspondent to any weed control strip. For stem diameter, the interval of confidence of the parameter a in the weedy situation and weed control strips of 50 cm and 100 cm was correspondent, but differing of weed control strips of 150, 200, 250, 300, 350, and 400 cm. The parameter a indicates the difference between minimum and maximum values of the growth characteristics, so that higher a values shows a better or a greater plant growth of the rubber trees, as observed when weeds were controlled in larger widths. In this sense, analyzing the plant growth within each weed control strip, the weed control should be performed within strips of 50 cm and 150 cm for plant height and stem diameter, respectively.
Analyzing the RGR during 720 DAP, in function of crescent weed control strips, the best adjusted equation was an exponential rising to maximum model, showing a high significance, normal distribution of residuals, and constant variance of residuals (Figure 1 and Table 3 ), being well-appropriated to describe the plant behavior and satisfying statistical conditions. So, we observed that RGR increased when weed control strips was extended, reaching a maximum value and then keeping constant. Very slightly differences on plant growth occurred within a range of weed control strips from 50 up to 150 cm, for both plant height and stem diameter, according to the adjusted regressions. In this sense, the results are in accordance with those ones presented above, so that the weed control should be performed within a range strip between 50 cm and 150 cm. Now, analyzing the growth pattern of rubber trees specifically at 360 DAP and 720 DAP, in function of crescent weed control strips, the best adjusted equation was also an exponential rising to maximum model, showing a high significance, normal distribution of residuals, and constant variance of residuals (Figures 2, 3 and Table  3 ), being well-appropriated to describe the plant behavior and satisfying statistical conditions. We observed that all the growth characteristics increased when weed control strips was extended, reaching a maximum value and then keeping constant, as observed by RGR. In addition, at the ending of 360 DAP and 720 DAP, any weed control strip allowed rubber trees to grow more than in a total weedy situation, independently of the strip width.
In spite of that, the determination of the strip width required to an effective weed control without permitting a significant plant growth reduction was dependent on growth characteristics evaluated. In this sense, at the ending of 360 DAP, the best weed control strip for plant height and stem diameter development was within 150 cm; however the best strip for leaf area and aboveground dry mass development was within 50 cm and 200 cm, respectively (Figure 2) . In general, similar results were observed at the ending of 720 DAT, however the best strip for plant height and stem diameter development was within 100 cm (Figure 3) , indicating a slight growth recovery of plants growing under weed control strips within 50 cm and 100 cm. So, we suppose that weed control within a strip of 100 cm is sufficient to prevent weed interference on the establishment of a rubber tree plantation.
A reduction in the availability of moisture and nutrients leads to reduced tree growth and survival [27] . In our study, rubber trees in the weedy plots suffered the most from weed competition, exhibiting comparatively poor growth and stem diameter reduction [9] . That reduction also affected the development of the leaf area and the aboveground dry mass accumulation, impacting negatively on the initial growth and establishment of rubber trees in the two years after plantation.
No studies were found on rubber trees, but in South Africa, eucalyptus crown growth of 10 cm can be attained in 41 days with 20% weeding or in 66 days with 0% weeding [28] . Little et al. [29] used the tree crown diameter as an indication of tree performance. They observed a distinct exponential increase in median crown diameter with weed-free strip width and concluded that a 2-m strip width with no weeding at all in the 1 m between rows proved to be the best management strategy. Although trees grown with weed-free strips produced the maximum heights and stem diameters in our expe-riment, completely weed-free plantation is rarely necessary for normal tree growth [28] . Such regimes tend to be expensive to maintain in terms of herbicide usage. In addition, lack of ground flora may be deemed to be aesthetically poor and make the soil more susceptible to erosion and leaching [9] . In our experiment, all other inter-row weedy options reduced tree height and stem diameter, but not to an unacceptable degree. However, it is important to control weeds, avoiding competition between plants, until canopy closure begins and trees start to dominate or suppress weed growth [30] . The critical advantage in establishing trees with weed-free areas, compared with no vegetation management, may be that canopy closure may occur several years earlier [9] . This study showed that with an infestation of U. decumbens as the main species, it was necessary to have a treated strip of 100 cm in width to prevent weed interference with the initial growth of H. brasiliensis. Toledo et al. [14] , studied the width of control strips (U. decumbens as the main weed species) kept during the first 12 months at 0, 25, 50, 100, 125 and 150 cm on each side of the eucalyptus row and increased these widths throughout the experiment; i.e., 25 to 150, 25 -50 -150, 50 -150, 50 -125 -150, 100 -125 -150, 100 -150 and 125 -150 cm on each side of the eucalyptus row during the first year. They observed that eucalyptus that had grown both in the constant and increasing-width control strips with widths of at least 100 cm showed higher diameter, height and absolute growth in diameter and height. These results led the authors to conclude that the minimum control strip width should be 100 cm on each side of the eucalyptus row to prevent weed interference. In another study, with U. decumbens as the main weed species, Toledo et al. [7] verified that it was necessary to have at least 100-cm constant strips or 50-cm increasing control strips to keep eucalyptus plants free of weed interference.
Conclusion
Taken together, our results allow us to conclude that: 1) the plant growth of rubber trees is affected by a weed community composed mainly by U. decumbens growing and interfering on crop establishment, 2) the width of the weed control strip influences on the initial plant growth of rubber trees and, as a consequence, affects the crop plantation. In addition, the intensity of the effect is dependent on the characteristic evaluated, and 3) the critical width of the weed control strip for establishment of a rubber tree plantation is within 100 cm.
